(2017) 'The effect of particle size, morphology and C-rates on 3D microparticles, the advantages of the porous anode architecture are clearly shown. The inverse opal material markedly enhances specific capacity and capacity retention. The impact of various C rates on the rate of the initial charge demonstrates that higher rate charging (10 C) was much less destructive to the inverse opal structure than charging at a slow rate (0.1 C). Slower C rates that affect the IO structure resulted in higher specific capacities (more Li 2 O) as well as improved capacity retention. The IO structures cycle as CoO, which improves Coulombic efficiency and limits volumetric changes, allowing rate changes more efficiently. This work demonstrates how 3D
Introduction
The development of anode materials for Li-ion applications has attracted significant research attention aimed at improving the performance over commercially utilized graphite. [1] [2] [3] [4] Unlike conventional carbon based anode materials, transition metal oxides (TMOs) that react with Li through conversion reactions offer great potential for enhanced performance due to the differences in their lithiation mechanisms. [5] [6] [7] Rather than operating via a standard intercalation process, conversion mode materials undergo reversible redox reactions during charging and discharging. These reactions typically involve a higher mole fraction of Li per unit material (compared to intercalation) and, as a result, conversion mode materials can possess higher theoretical specific energies. [5, [8] [9] [10] To date, extensive research has been conducted on a wide range of TMO anode materials encompassing unary (containing only one metal), binary and ternary oxides. [11] [12] [13] Materials containing Co, Mn, Ni, and Zn have been of particular interest and have been examined in various morphologies from nanoparticles to nanowires, core-shell structures and nanorods with promising results in terms of specific capacity values and cycle lifetimes. [14] [15] [16] [17] Nanostructuring of materials for Li-ion applications has allowed various performance issues associated with bulk materials to be mitigated. For example, the pulverisation of active materials caused by repeated expansion and contraction during cycling can be significantly improved by reducing materials below certain size thresholds. [18, 19] Similarly, introducing various levels of porosity into the material allows for enhanced electrolyte infiltration and reduced Li-ion diffusion distances, leading to improved high-rate performance. For this reason, inverse opals (IOs) have attracted significant interest as battery materials. [20] [21] [22] IOs are highly ordered structures with porosities defined by a pre-formed sphere template. These templates can be infilled with a wide range of precursors (usually a metal salt dissolved in a volatile solvent) with subsequent thermal treatment allowing the formation of various IO materials encompassing metals, TMOs and mixed TMOs. [23, 24] Given their large surface area, high degree of ordering and interconnected nature, IOs have been investigated for a wide range of applications, such as catalysis and photonics. [25, 26] The versatility and promise of IO materials for battery applications was recently illustrated when we presented a full IO Li-ion cell comprised of pre-lithiated conversion mode Co 3 O 4 anode and an intercalation mode V 2 O 5 cathode. [27] This cell could be cycled for over 100 charge/discharge cycles with excellent capacity retention, and was a key illustration of IO structured active materials.
In this report, we investigate the fundamental electrochemical performance of Co 3 O 4 IO anode materials in significantly more depth. This is achieved by comparing the performance of the IOs with microparticles (MPs) that are formed without the polystyrene sphere (PS) template necessary to form the IO structure. By contrasting the response of both material forms, we are able to show a clear improvement in performance by constraining the constituent nanoparticles into a three dimensional (3D) IO geometry.
The rate-dependent characteristics of the IO anodes were examined through post-mortem scanning electron microscopy (SEM) analysis, revealing that high-rate galvanostatic charging of the conversion mode IO caused less structural changes compared to slower rate charging. 
Experimental Section

Materials synthesis
Materials characterization
Transmission electron microscopy (TEM) analysis was conducted using a JEOL JEM-2100 TEM operating at 200 kV. SEM analysis was performed using an FEI Quanta 650 FEG high resolution SEM at an accelerating voltage of 10 kV. Thermogravimetric analysis (TGA) was performed using a Mettler
Toledo TGA/DSC1. Dried samples of the solution of CoCl 2 in IPA were placed in an alumina crucible and heated to 450 ºC in air at a heating rate of 5 ºC min −1 . X-ray diffraction (XRD) analysis was performed using a Phillips Xpert PW3719 diffractometer using Cu Kα radiation. X-ray source at 200 W power was used for all scans. All spectra were acquired at a take-off angle of 90° with respect to the analyzer axis and were charge corrected with respect to the C 1s photoelectric line.
Data was processed using CasaXPS software where a Shirley background correction was employed and peaks were fitted to Voigt profiles. Raman scattering was performed with a Renishaw InVia Raman Spectrometer using a 30 mW Ar + laser at 514 nm excitation. The beam was focused onto the samples using a 50× objective lens and spectra were collected using a RenCam CCD camera.
Electrochemical characterization
All electrochemical results presented in this report were performed using a BioLogic VSP Galvanostatic cycling was performed using a range of C rates (0.1 -10 C) in a potential window of 3.0 -0.01 V.
Results and Discussion
TEM and SEM images of Analysis of the deconvoluted peaks indicates that ~ 76% of the cobalt present was in the Co 3+ valence state. Three oxygen contributions were observed in the high resolution spectrum for the O 1s shows, shown in Figure 2d . The peak at ~ 529.8 eV is typical of metal-oxygen bonds [35, 36] , while the peak at ~ 531.4 eV can be attributed to oxygen vacancy defects and a number of surface species including chemisorbed oxygen or under-coordinated lattice oxygen and hydroxyls. [37, 38] The peak observed at ~ 533.2 eV can be ascribed to a multiplicity of physi-and chemisorbed water at or near the surface. [35, 36] As electron diffraction for individual NPs and XRD for the bulk quantities of both MPs and IOs indicate the spinel Co 3 O 4 phase, the XPS confirms that surface defects and species common to transition metal oxides do exist on both structure. (Figure 1c and g) 45] The small shift in reduction peak to higher potentials from the second scan may also be due to the reduced particle size of the CoO phase once formed after the first anodic scan. [46] Two anodic peaks were observed at in first scan for Co 3 O 4 MPs and IO samples at ~ 1.65 and 2.05 V, which may be attributed to the oxidation of Co to CoO and the decomposition of Li 2 O as follows:
Following the initial reduction of Co 3 O 4 and formation of a stable CoO phase the Li reaction mechanism can be described as follows:
Previous studies have suggested that the initial reduction of Co 3 O 4 to form Co 0 may not be an irreversible reaction [47] , i.e. during the anodic scan as described by equation (2), some of the CoO formed may be further oxidized to Co 3 O 4 . We will investigate this further in the analysis of the Raman spectra after the first charge and discharge. [17, 52] It is well known that carbon is electrochemically active toward intercalation within the potential window that Co 3 O 4 is cycled in [53] , and so may also be contributing to the increased capacity. We desired to determine the fundamental effects of particle size, morphology and ordering on the electrochemical performance of our Co 3 O 4 samples and consequently tests were performed in the absence of any conductive additives which may be contributing towards the charge stored. Further to this, preparing composites with graphene or slurries with other conductive additives would block the pores of the IO structure making it difficult to assess the contribution of the porous interconnected structure towards the performance of the material. However, the pores of the IO are noticeably maintained, as shown in Figure 5d . The IO structure was best preserved after the first charge at 10 C. The walls of the IO are not as swollen as the after the first charge at 5 C and the pores are also much wider, as can be seen in Figure 5e . From Figure 5 it is clear that faster C rates are less destructive to the IO structure after the first charge. The SEM images presented are of the surface of the IO samples, it is possible that other regions further into the initial islands of IO, as shown in Figure S1 , may retain the IO structure after the first charge. Further to this, the retention of the IO structure at the fastest C rate used (10 C) may explain the lower initial specific capacity values obtained, i.e. the IO morphology may be maintained due to only a partial reduction of Co 3 O 4 to CoO. Interestingly, even though the IO structure is maintained after the first charge at 10 C, the highest capacity values were obtained at 0.1 C when the IO structure was destroyed and converted to a matrix of CoO nanoparticles in Li 2 O after the first charge. We surmise that the rate of (3) and confirms that with increased cycling Co 3 O 4 is reduced and CoO is reversibly cycled. 
Conclusions
Conversion mode Co
